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@ Implantable automatic and haemodynamicaliy responsive cardioverting/deflbrillating pacemaker 
with means for minimizing bradycardia support pacing voltages. 



@ An implantable, battery-operated cardioverting/defibrillating pacemaker device with the ability to 
sense and respond to haemodynamic compromise is described. The ventricular pressure (VP) and 
electrical activity of the heart are sensed via one or more transvenous or epfcardial devices. The filtered 
peak-to-peak amplitude (VFPPA) and a peak pressure function (VPPF) based upon the right and/or left 
VP waveform(s) are derived. One of the VFPPA and VPPF, and electrically derived heart rate 
information, are used in the diagnosis of arrhythmic states. Bradycardia support pacing is initiated and 
terminated by reference to the VP signal, and the pacing pulse voltage used during bradycardia support 
pacing is optimized in order to extend battery life of the device. This is done by using the haemodynamic 
sensor to confirm the presence of an appropriate haemodynamic response to the delivery of 
bradycardia support pacing, and adjusting the pacing voltage to its lowest efficacious level. In the 
preferred embodiment the high pass filtered right ventricular pressure is monitored to confirm pacing 
capture. 
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This invention relates to an implantable caraioverang/defibrillating pacemaker and ^paMy, to a 
pacemaker of this type that is responsive to both an electrically denved heart rate and to a haemodynam.c par 
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^^'implantable haemodynamic cardioverting/defibrillating pacemaker is disclosed in United States Patent 
AoptoS No Tto OC Collins, filed February 19. 1990. and entitled "An Implantable ^Automatic and 
iTer^a^ 

me presentinvention. and is incorporated herein by reference. The pacemaker of sa.dApf* e^onNa 48^364 

oveLrnesmanyofmepreblemsolfalseorinapprepriatedeliveryofmerepyma^ 

upon the sensing of the electrical activity of the heart as a means of detenrnn.ng , the state 

Among the significant problems that face such an implantable device « the problem of .naeasm .the 
device's battery \L Research has shown that bradycardia support pacing, in a ng 
oac^aker can consume between 10 and 30 percent of the total battery life of the dev.ce. dependmg on the 
S^tegTu^d Minimizing the battery consumption due to bradycardia support pacing vrill help reduc. 
frerist of premature depletion of the battery of the device. At best. 

the device to undergo another general anesthetic. At worst, it may result m the death of the Pabent VVl^ms 
etaLinmefraracle-AutomalicImp^ 

(2). Page 55A (1990). report that the death rate due to premature battery deplehon in such dev>ces was 0.6 

^Jwell known thatunder different circumstances greater pacing energies are required. For example, after 
reverelonofventric^larfibrillation. bredycaraia supped pacing onenrequir^ 

means of increasing pacing energies during a period of post revereion asystole sdsdosedm foe Un.ted States 
Stem Nc 5m£t of Norma 1 Gilli, dated Soptember 26. 1989. which patent is assigned tc .the .assignee 
of the presentinvention. In the disclosure of said GDIi patent, maximum pacing energ.es are pmv.ded regardless 
of tie state of the heart. The Gilli patent also reveals a method for controlling pulse energy ,n ^tachyar- 
rythmia and bradycardia support pacing. However, the Gilli patent is limited in that no means are provided tor 
2„™ta^ 

a oacina voltaqe can safely be used to ensure capture of the heart 

^ZwStal..inUnited States Patents Nos. 3.614.955 and 3.942.536. .tescril* systems mat sense h^rt 
function using the peak of the right ventricular pressure waveform. These devices suffer some obv»us d.sad- 
TnTages induding. among others, the fact that no haemodynamic parameters are provrfed to control the pac- 
ing voltage used during bradycardia support pacing. . rf „_ 
Adevicedisdosed Tin UnitedStetes Patent No. 4.774.950. toCohen. has ™* mo ™^**fj%™; 
ings of common forms of cardiovertingraefibrillating pacemakers by relying on the mean . r.ght ventoculari press- 
ure mean arterial pressure, mean left atrial pressure, mean left ventricular pressure and/or mean central ven- 
oSr^reUdlcatore^ 

ran be found in an artide by Cohen et al.. entitled "Haemodynamic Responses to Rap.d Pacing: A Model for 

^ch^a^ia Differentiation"^ PACE, VoL 11. Pages 1522-1528 (1988). The Cohen device also is 

desure relating to the use of haemodynamic parameters to contrd the pacing voltage used dunng bradycard.a 

^ATinTcL eartier. one means of minimizing the energy consumed in bradycardia support pacir .g and 
thereby extending the battery life of the pacemaker, is to reduce the pacing voltage used. In order to do th.s 
SlaSSe dlvice mus^have some means of determining whether or not the delivered pacnj , pulseha. 
sbmulated the heart to beat i.e.. determining whether or not the heart has been captured. In a haemodynam.c 
cardiovertingWefibrillatingpacemaker.thesignalfrom which the hemodynamic parameter. sbe,ngderrved^ 
£ used to determine whether or not the padng pulse has captured the heart A response to W ^ 
apulsatile rise in me right venmcu.arpr^ 

voltage can thereafter be reduced until capture is lost and then raised aga.n to the lowest effechve pacng volt- 

a98 "lt is therefore, a primary object of the present invention to provide an improved implantable, battery-oper- 
ated Lies for the ^treatmeni of I ^functioning heart that is capable of providing ef^ 
pacing at a lower mean energy level than has heretofore been the case in order to prov.de for .noeased battery 

lif<> °USr,tro?ect of the present invention is to provide an improved implantable, battery-operated devicefor 
thebTZento amalfunlning heart. which device has sensing m«dal^ 

meal function andits haemodynamic function, and which device utilizes sensed haem^ynamc function .nfor- 
mation to enable it reduce the bradycardia support pacing voltage to the lowest effedrve leveL 

A further object of the present invention is to provide a two-sensrng-modalrty. card.overt.ng/defibrillabng 
pacemaking device in which the energy required for bradycardia support pacing can bem.mm.zed bysens.ng 
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responses are the responses of the heart, once captured, to the pacing pulses delivered. There are many poss- 
ible evoked responses: the main meaning being the electrophysiological response. In this disclosure the evoked 
response referred to is usually the initiation of ventricular contraction, as witnessed by the development of a 
pressure pulse within the ventricle. 

5 Briefly stated, and in accordance with one embodiment of the invention, there is provided an implantable, 

battery-operated device for the treatment of a malfunctioning heart The device includes a first sensing modality 
for sensing an electrical function in a patient's heart and providing a first signal representative of the electrical 
function, and a second sensing modality for sensing a haemodynamic function in the patient's heart and pro- 
viding a second signal representative of the haemodynamic function. The device is also provided with a first 

w means responsive to the first signal for analyzing the state of the heart's function and providing any required 
electrical shock pacing therapy to the heart at an initial predetermined energy level high enough to ensure 
prompt pacing capture of the heart The device further includes a second means responsive to the second sig- 
nal, and operative when evoked haemodynamic responses from the pacing therapy are sensed, to cause the 
energy level of the pacing therapy provided by the first means to be reduced from its initial predetermined level 

15 to a lower level, at which level pacing capture of the heart can be maintained and battery life of the device is 
increased relative to the battery life obtainable at the initial predetermined energy level. 

In accordance with another embodiment the invention provides a method of optimizing bradycardia support 
pacing voltages delrvered to a patient's heart including the steps of (A) delivering a chain of bradycardia support 
pacing pulses at a predetermined voltage level to the heart (B) monitoring the ventricular pressure waveform 

20 of the heart to assess whether or not pacing capture of the heart occurs during delivery of the chain of pulses; 
(C) if pacing capture of the heart occurs during step (B), decreasing the level of the bradycardia support pacing 
voltage delivered In step (A) to a minimum level, at which pacing capture is lost and then raising the level of 
such voltage to an intermediate level, at which effective pacing capture is again achieved; and, (D) rf pacing 
capture does not occur during steps (A) and (B), increasing the level of the bradycardia support pacing voltage 

25 delrvered under step (A) until pacing capture of the heart occurs under step (B). 

In accordance with yet another embodiment, the invention provides a method for determining the need for 
bradycardia support pacing of a patient's heart including the steps of (A) continuously monitoring a signal 
derived from a haemodynamic pressure waveform of the patient; (B) comparing the monitored signal with a 
predetermined threshold value; (C) detecting when the threshold value is crossed by the monitored signal to 

30 determine when heart contractions have occurred; and, (D) initiating bradycardia support pacing in the event 
a threshold crossing does not occur within a predetermined time period following the time at which a last-detec- 
ted threshold crossing occurred, or within a predetermined time period following a last-detected heart contrac- 
tion. 

In accordance with a still further embodiment the invention provides a method for determining the need 
35 for continuing ongoing bradycardia support pacing of a patient's heart including the steps of (A) continuously 
monitoring a signal derived from a haemodynamic pressure waveform of the patient during the application to 
the heart of bradycardia support pacing pulses; (B) comparing the monitored signal with a predetermined 
threshold value; (C) noting when the threshold value is crossed by the monitored signal to determine when heart 
contractions have occurred; and, (D) initiating a subsequent bradycardia support pacing pulse in the event a 
40 threshold crossing does not occur within a predetermined time period after a last-previous bradycardia support 
pacing pulse has been delivered. 

In accordance with yet a further embodiment the invention provides a method for terminating ongoing 
bradycardia support pacing of a patient's heart including the steps of (A) continuously monitoring both a first 
signal derived from a haemodynamic pressure waveform of the patient and a second signal representing elec- 
45 trical activity of the heart during the application to the heart of bradycardia support pacing pulses; (B) comparing 
the monitored first signal with a predetermined threshold value, and the monitored second signal with a pre- 
determined QRS-wave complex; and, (C) terminating the bradycardia support pacing if. within a first predeter- 
mined time period after a last-previous bradycardia support pacing pulse has been delivered, either the first 
signal crosses the predetermined threshold value or the second signal displays QRS-wave pattern within the 
so predetermined QRS-wave complex. 

While the specification concludes with claims particularly pointing out and distinctly claiming the subject 
matter of this invention, it is believed that the invention will be better understood from the following description, 
taken in conjunction with the accompanying drawings, in which: 
FIG. 1 is a table of representative RVFPPA and RVPPF values; 
55 FIG. 2 is a schematic diagram of an implanted cardioverting/defibrillating pacemaker device in accordance 
with the present invention, positioned in the patient's body and showing electrical leads which interconnect 
the heart and the device; 

FIG. 3 is a block diagram of the device shown in FIG. 2, with blocks thereof representing either discrete 



<EP 0468720A2_I_> 



EP 0 468 720 A2 



from the filtered and digitized right ventricular pressure (RVP) waveform. The PPU 24 communicates the 
derived data to the main processing unit (MPU) 20. The MPU 20 has access to the data registers (memory) 

24a of the PPU 24. _ LjL 

The RVFPPA is obtained by filtering the RVP waveform with a high-pass filter having a 3 db frequency in 
5 the range of 0.1 to 0.5 Hz. In the preferred embodiments of the invention this filter is a second order Butterworth 
filter. The RVPPF is obtained by rectifying the filtered RVP waveform and then integrating it The integral for 
each contraction is obtained by reference to the R-wave interval from the endocardial ECG. In the preferred 
embodiments of this device both the ECG signal and one or the other of the signals derived from the RVP 
waveform are used to determine whether or not the recipient of the device is haemodynamically comprised. 
10 The device has two main implementations, each of which can be implemented using one of two algorithms. 
In the first algorithm (hereinafter referred to as the "simple threshold algorithm-) the RVFPPA is monitored and 
compared to a threshold value. This value can be programmed as either an absolute value or as a percentage 
of a long term mean of the RVFPPA. 

The threshold detector is linked to a simple counter (not shown). Each time the value of the RVFPPA 
is becomes greater than the threshold value, the counter is reset to zero. This counter increments each time the 
RVFPPA is sensed and found to be lower than the threshold value. If this counter reaches a pre-programmed 
value, then haemodynamic comprise is deemed to exist In the normally functioning recipient of this device, 
the rising edge of the RVFPPA would periodically reset the counter before the triggering value were reached. 
When the counter reaches the triggering level, the PPU 24 communicates this to the MPU 20, indicating that 
20 a state of haemodynamic compromise exists. 

In the second algorithm (hereinafter referred as the "X out of Y algorithm"), the RVFPPA is assessed with 
each heart beat cycle as the sum of the greatest negative and positive digital values obtained over one cycle. 
The value is manipulated as a percentage of a programmed reference value and the values for the last "Y" 
beats are stored in memory, where "Visa programmed value. The RVPPF value is also calculated as a per- 
25 centage of a programmed value and the values thereof for the last "Y" beats are also stored In memory. 

If "X" out of the last "Y" beats, where "X" and "Y" are programmed values, fail to produce RVFPPA and/or 
RVPPF values above programmed levels, then the PPU 24 communicates this to the MPU 20, indicating that 
a state of haemodynamic compromise exists. 

It is noted that for both detection algorithms the presence of a bradycardia is defined in terms of an elec- 
30 trically sensed bradycardia, with or without the pressure sensor detecting haemodynamic compromise. Asys- 
tole is defined in terms of the absence of electrical activity and of modulation in the RVFPPA. 

The invention can be implemented in either of two embodiments, using either of the above algorithms. In 
the first embodiment of the device VFPPA and VPPF are continuously derived. In the second embodiment, the 
haemodynamic sensor is activated only when an electrical abnormality in the function of the heart is detected. 
35 In the first embodiment the MPU 20 continuously monitors PPU 24. as well as the electrical activity of the 

heart The result generated by the haemodynamic compromise detection algorithm is used in conjunction with 
information gained electrically about the heart rate to determine what therapy to initiate. Since both electrical 
and haemodynamic function of the heart are being continuously sensed, an abnormality in the function of either 
can initiate therapy. The use of different sensitivities to detect different conditions in electrically derived signals 
40 is described in the copending United States Patent Application Serial No. 187,797 of R. Grevis and N. Gilli, 
filed April 29. 1988, and entitled "Apparatus and Method for Controlling Multiple Sensitivities in Arrhythmia Con- 
trol System Including Post-Therapy Pacing Delay," which is assigned to the assignee of the present invention 
and is also incorporated herein by reference. 

When a tachyarrhythmia is detected in accordance with the first embodiment of the present invention. 
45 therapy is initiated in accordance with the chart set forth in FIG. 1. It is noted that the chart of FIG. 1 is based 
on the use of a heart rate of 1 20 bpm as the dividing point between a tachyarrhythmia condition requmng elec- 
trical shock therapy and a condition not requiring ^tachyarrhythmia electrical shock therapy. This value is a 
programmable initialization variable that would be set by the user/clinician based on his knowledge of and 
experience with the patient It should also be pointed out that the use of a dual chambered configuration allows 
so a lower energy cardioversion shock to be used to revert an atrial fibrillation that is haemodynamically compromi- 
sing. This arrhythmia is recognized by the presence of an atrial rate that is higher than the ventricular rate, in 
the presence of haemodynamic compromise. 

In the second embodiment of this device the MPU 20 will activate the PPU 24 to derive one of the RVFPPA 
and RVPPF values and initiate the programmed pressure sensing algorithm, as above, in the event that the 
55 device senses an electrical disturbance of the heart It will then initiate therapy in accordance with the chart of 
FIG. 1. No therapy will be initiated if there is no evidence of haemodynamic compromise. The MPU 20 also 
periodically activates the PPU 24 to ensure that the FPPA and VPPF are within optimal normal limits, tf they 
are not. then the MPU 20 will initiate its pacing optimization algorithm. 
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delivered "Y" pacing pulses, as shown at 57, then capture is deemed to have occurred, as indicated at 59. If 
less than "X" pressure detections occur in response to "V pacing pulses, then capture is deemed not to have 
occurred, as indicated at 58. 

Regardless of the method used to determine capture, if at any time a pressure pulse and/or a QRS wave 
is detected before a programmed time has passed, then a spontaneous contraction is deemed to have occurred. 
In this event, bradycardia support pacing is discontinued if the device is operating in an inhibited mode. 

In the preferred embodiment of the invention, the device 7 is implemented to have Wl pacing (inhibited 
ventricular pacing and sensing). However, the device can be embodied to permit all standard pacing formats 
for dual and single channel pacing. In the event of dual channel pacing (i.e., both atrium and ventricle being 
paced) then a pressure sensor is required for both the atrium and the ventricle if the atrial pacing voltage is to 
be controlled. 

In the preferred embodiment of the invention, maximum use is made of software control of the device. How- 
ever, as indicated earlier, the device can be Implemented using discrete circuitry, rather than software. 

It will be apparent from the foregoing description that this invention provides an improved implantable, bat- 
tery-operated device for the treatment of a malfunctioning heart that is capable of providing effective bradycar- 
dia support pacing at a lower mean energy level then has heretofore been the case in order to provide for 
increased battery life of the device. Moreover, the present invention provides such a pacemaker device having 
two sensing modalities for sensing both the heart's electrical function and its' haemodynamic function, and 
which utilizes sensed haemodynamic function information to enable it to reduce the bradycardia support pacing 
voltage to the lowest effective level. Also, the invention provides a two-sensing modality, cardioverting/defib- 
rillating pacemaking device in which the energy required for bradycardia support pacing can be minimized by 
sensing evoked ventricular pressure responses to bradycardia support pacing. Similarly, improved methods 
are provided by the present invention (i) for determining a patient's need for bradycardia support pacing; (ii) 
for optimizing bradycardia support pacing voltages delivered to a patient's heart; and, (Hi) for terminating ongo- 
ing bradycardia support pacing of a patienfs heart when the need for such pacing no longer exists. 

While particular embodiments of this invention have been shown and described, it will be obvious to those 
skilled in the art that various other changes and modifications may be made without departing from the invention 
in its broader aspects, and it is, therefore, aimed in the appended claims to cover all such changes and mod- 
ifications as fall within the true spirit and scope of this invention. 



Claims 

1. An implantable, battery-operated device for the treatment of a malfunctioning heart, said device including 
a first sensing modality for sensing an electrical function of a patienfs heart and providing a first signal 
representative of said electrical function, a second sensing modality for sensing an haemodynamic func- 
tion of the patienfs heart and providing a second signal representative of said haemodynamic function, 
first means responsive to said first signal for analyzing the state of the heart's function and providing any 
required electrical shock pacing therapy to the heart at an initial predetermined energy level high enough 
to ensure prompt pacing capture of the heart, and second means responsive to said second signal and 
operative when evoked haemodynamic responses from said pacing therapy are sensed to cause the 
energy level of said pacing therapy provided by said first means to be reduced from said initial predeter- 
mined level to a lower level, at which pacing capture of the heart can be maintained and battery life of the 
device is increased relative to the battery life obtainable at said predetermined energy level. 

2. A device according to claim 1 , wherein said second signal comprises the filtered peak-to-peak amplitude 
of a ventricular pressure waveform of the heart 

3. A device according to daim 2, wherein said second signal comprises the filtered and rectified integration 
of a ventricular pressure waveform of the heart. 

4. A device according to any one of claims 1-3, wherein said ventricular pressure waveform of the heart is 
the right ventricular pressure waveform of the heart 

5. A device according to any one of claims 1-3, wherein said device comprises a dual chamber, cardiovert- 
ing/defibrillating pacemaker. 

6. An implantable, programmable, battery-operated device for sensing malfunctions in a patient's heart and 
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veredtomeheartand.deemhgpadngcap^ 

aosses a threshold value a predetermined number of times ,n response to an equal or a predetermmed 
larger number of pacing pulses. 
4, a a «™rfino to anv one of claims 15 or 16, wherein the right ventricular pressure waveform of the 

iXdesTgn^ 

said threshold value has been crossed. 

18. Amethodfordeterrrirungthene^ 

°\ A ) continuously monitoring a signal derived from a haemodynamic pressure waveform of the patient 
<B> comparing said monitored signal with a predetermined threshold value; 

fc) oeSng when said threshold value is creased by said monitored signal to determrne when heart 

£)tiS Sre^re^ Pacing in the event a heart contraction does not occur within a pre- 
determined time period following a last-detected heart contraction. 

19. AmetlKxifbrdeterminingmene^ 

° f '(A) continuously monitoring a signal derived from a haemodynamic pressure waveform of the heart; 

(B) comparing said monitored signal with a predetermined threshold value; 

(C) 2ting when said threshold value is creased by said monitored signal to determrne when heart 

S)SnX V d^t"cl pacing in me even^ 

deSni tlme period following the time at which the lastnletected mre^hold <^ng occurred. 

20. A method for determining the need for continuing ongoing bradycardia support pacing of a patienfa heart. 

T) ^ouT-nitoring a signal derived from a haemodynamic preasure waveform of the patient 
during the application to the heart of bradycardia support pacing pulses; 

(B) comparing said monitored signal with a predetermined threshold value; 

(C) nlng^hen said threshold value is crossed by said monitored signal to determrne when heart corv 

Sur Within a predetermined time period after a last-previous bradycardra support pacmg pulse has 
been delivered. 

21. Arrramodaccordingtoanyoneofcia^ 
waveform of the heart 

22. A method according to claim 21. wherein said signal comprises a high-pass-frltered, digitized represen- 
tation of the right ventricular pressure waveform of the heart. 

23. A method according to daim 21. wherein said signal comprises a rectified integration of a high-pass-fil- 
tered. digitized representation of the right ventricular pressure waveform of the heart. 

24. Amemodforterminatingongoingbradycardiasupport^ 

(A) continuously monitoring both a first signal derived from a haemodynamrc pressure v^f^ of the 
pttenuTase^^^ 

Sd^reSsupport padng pulse Z been delfcered. either said first signal croasee * | P^termrned 
SSd value or said second signal displays a QRS^ave pattern wrthm sard predetermmed QRS- 
wave complex. 
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TYPICAL RATS, RVPPF AND KVFFPA VALUK3 DURING ARRHYTHMIAS* 

(Rate expressed as beats per minute. RVPPF and RVFPPA expressed 
as a percentage of resting values) . 
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(57) An implantable, battery-operated cardiover- 
ting/defibrillating pacemaker device with the 
ability to sense and respond to haemodynamic 
compromise is described. The ventricular 
pressure (VP) and electrical activity of the heart 
are sensed via one or more transvenous or 
epicardial devices. The filtered peak-to-peak 
amplitude (VFPPA) and a peak pressure func- 
tion (VPPF) based upon the right and/or left VP 
waveform(s) are derived. One of the VFPPA and 
VPPF, and electrically derived heart rate infor- 
mation, are used in the diagnosis of arrhythmic 
states. Bradycardia support pacing is initiated 
and terminated by reference to the VP signal, 
and the pacing pulse voltage used during 
bradycardia support pacing is optimized in or- 
der to extend battery life of the device. This is 
done by using the haemodynamic sensor to 
confirm the presence of an appropriate 
haemodynamic response to the delivery of 
bradycardia support pacing, and adjusting the 
pacing voltage to its lowest efficacious level. In 
the preferred embodiment the high pass filtered 
right ventricular pressure is monitored to con- 
firm pacing capture. 
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